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Abstract 
Compression tests of Cu-2.2wt% Al, Cu-4.5 wt% Al and Cu-6.9 wt% Al with different stacking fault energy were 
carried out. The effect of stacking fault energy upon Cu-Al alloys has been investigated. Optical micrographs of the 
samples have shown the existence of deformation twinning. With the decrease of stacking fault energy, more 
deformation twins have appeared in the plastic deformation process of FCC metals. The appearance of the 
deformation twinning and the improvement of plasticity lead to the inhibition of deformation mechanism which is 
dominated by the dynamic recovery of alloy.  
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1. Introduction
Stacking fault energy plays a vital role in the plastic deformation process of FCC metals [1]. With the 
decrease of stacking fault energy, twinning has replaced dislocation slip as the dominant mechanism. The 
influence of work hardening upon material is always reflected by stress-strain in the tensile experiment 
directly [2]. For example, by plotting work hardening against true strain of medium to high stacking fault 
energy of FCC single crystal materials (e.g. Cu), usually four distinct stages of hardening can be obtained, 
which are stage A, stage B, stage C, and stage D [3-9]. The hardening rate of stage A approaches almost 
zero and it has been associated with single slip. While in stage B, there is a steady work hardening rate, 
and it has been associated with early stages of multiple slip. In stage C, the rate of work hardening 
declines steadily during the process of distinct dynamic recovery. Stage D has an almost constant work 
hardening rate, which is about 1. In the study of poly crystals of medium to high stacking fault energy 
FCC metals, it can be observed that stage A is almost non-existent while stage B decreases severely. In 
other words, the work hardening rate curve of this kind of materials mainly demonstrates stage C and 
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
308   Yang Hao et al. /  Procedia Engineering  36 ( 2012 )  307 – 315 
stage D in the hardening process. The former studies by researchers have revealed that with the help of 
normalized plotting of work hardening rate vs. true strain, the differences between low stacking fault 
energy FCC metals and medium to high stacking fault energy FCC metals in the respect of work 
hardening in the condition of greater strain rate can be obtained. To further analyze the different stages of 
the work hardening process, the hardening curve of low stacking fault energy metals has demonstrated 
four stages which are respectively stage A, stage B, stage C and stage D, as illustrated in Fig. 1. 
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Fig. 1. The Schematic diagram of the four stages which come from the hardening of the compress normalized strain hardening rate 
versus true strain. 
Stage A is quite similar to the dynamic recovery process, the stage of which only lasts to a true stain of 
0.12. In medium to high stacking energy materials, stage B which is associated with a mean declining rate 
is considered similar to stage A, which is dominated by crystal slip. The decrease of work hardening in 
stage C is caused by dislocation slip and canceling of dislocation of opposite sign [10]. 
The requirements for low stacking fault energy materials are much higher in such circumstances, 
and partial dislocation needs to be clustered before slip to induce greater stress [11].Stage B is associated 
with a stable work hardening rate (the strain varies from 0.12 to 0.25) [12-14]. Primary twinning 
boundaries appeared in low stacking fault energy materials have caused dislocation pile-up and storage. 
And the formation of primary twinning in crystals hinders slip of the whole system, dispersing the sliding 
system. In stage C the work hardening rate declines again (the strain varies from 0.25 to 0.77). The 
decrease of grain size makes it even more difficult to form twinning [15]. Stage D with a longer period of 
strain is the second typical homogeneous hardening stage. Secondary twinning develops and has a cutting 
influence on the primary twinning. 
On the basis of the foundations mentioned above, it will be studied whether the deformation twinning 
in Cu-Al alloys has the similar phenomenon with the decrease of stacking fault energy. At the same time, 
the influence of stacking fault energy upon strength, dynamic recovery, and plasticity of Cu-Al alloys will 
be analyzed according to the result of compression tests. 
2.  Experimental Procedure 
 Cu-Al alloys were melted according to the different mass percentage of 2.2 %, 4.5% and 6.9 %. (The 
stacking fault energy of pure copper and the three proportions are 80 erg/cm2, 35 erg/cm2, 7 erg/cm2 and 5 
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erg/cm2, respectively). There is only Į-phrase in the Cu-Al alloys of these proportions. Surface treatment 
has been conducted after casting and making ingot. A plate has been hot rolled to a thickness of 8.9 mm. 
Then the plate is annealed in the atmosphere of argon at the temperature of 700ć  (the annealing 
temperature of pure copper and Cu-2.2wt.% Al is 650ć, Cu-4.5wt.% Al is 700ć, Cu-6.9wt.% Al is 750
ć, respectively). The plate was then made to be a cylinder shape with a diameter of 7.9 mm. Polish the 
two circular planes with fine emery paper and the cylindrical compression sample with a diameter:length 
ratio of 1:1 (as illustrated in Fig. 2). The compression test is conducted on the compressor with a rate of 
10-3/s.  
         
Fig. 2. The compression sample. 
The microstructures of the compressed samples were analyzed by X-ray Diffraction (XRD) with Cu 
target at a voltage of 1.8 kw. Former studies have indicated that twinning density can be estimated by KĮ 
1 diffraction peak [9, 10]. KĮ 2 diffraction peak is excluded during the XRD analysis. Scanning rate in 
the range of ș-2ș angle was 5°/min at room temperature. The scanning of (111) and (200) peak is to be 
used for the calculation of twin density. 
To analyze the work hardening rate - true strain curve of compression sample, the plateau of work 
hardening (stage B and D) of low stacking fault energy Cu-Al alloy materials can be shown in the optical 
microscopy. Samples for optical microscopy were polished and etched with 12.5 g FeCl3 + 12.5 ml 
HCl+50ml H2O solution for Cu and Cu-Al alloys. 
3. Result and Analysis of Compression Test 
Twin density ȕ is defined as the twinning boundaries observed in any plane near the [110] crystal 
plane. It is the result of slow scanning and the combination of the following equation to estimate [16, 17]: 
 
111 200
111 200
(2 ) (2 )
11tanș 14.6tanș
C.G. C.G.T TE '  ' 
                                                                                             (1) 
 
In the equation, ƸC.G. (2ș)111 and ƸC.G. (2ș)200 are angular deviations of angel of center of gravity 
to peak angel on the plane of [111] and̗200̙. In fact, equation 1 is only a simplified way to estimate 
the dislocation density [18].  
The diffraction patterns of the compression sample are illustrated in Fig. 3. X-ray peak broadening is 
observed with the increase of Al content. Decrease of stacking fault energy, which is caused by the 
refinement of grains, has contributed to the X-ray peak broadening. Slow scanning is conducted to the 
slip planarity (111) and (200). Analyzing the twin density with the methods mentioned above, the result is 
demonstrated in Fig. 1. 
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Fig. 3. The XRD patterns for compressed sample. 
Tab. 1. The XRD results of compressed sample. 
Sample name Cu Cu-2.2 wt.% Al Cu-4.5 wt.% Al Cu-6.9 wt.% Al  
SFEΰerg/cm2α 80 35 7 5 
Twinning density (%) 0.014 0.051 0.091 0.25 
 
For plastic materials, compression test can provide greater strain rate and strain. Since there is no 
failure in the process of compression test of plastic materials, plasticity can’t be compared directly. 
However, it can be compared indirectly through the work hardening rate. Former researches have 
indicated the two different grain refinement mechanisms and dominant plastic deformation mechanism of 
low stacking fault energy materials and medium to high stacking fault energy materials. In the condition 
of greater strain, grain refinement mechanism of low stacking fault energy materials is cuttings caused by 
twins [19], while the mechanism of medium to high stacking fault energy materials is interactions among 
dislocations [20]. A concrete analysis of the two mechanisms is followed in the study with the 
combination of photomicrograph and the data of compression test.  
Figure 4 shows the compressive mechanical behaviors of the Cu, Cu–2.2 wt.% Al, Cu–4.5 wt.% Al 
and Cu–6.9 wt.% Al samples. 
 
 
 
 
 
 
 
 
 
Fig. 4. The true stress versus true strain of the compression sample. 
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As can be seen in Fig. 4, compression strength of pure copper is the lowest in Cu and Cu-Al alloys 
(240.04 MPa). The compression strength of Cu-2.2 wt.% Al is 324.66 MPa, Cu-4.5 wt.% Al is 491.51 
MPa, and Cu-6.9 wt.% Al is 607.27 MPa. It’s noteworthy to say that the differences of strength are very 
obvious between Cu-2.2 wt% Al and Cu-4.5wt% Al in compression test. As revealed in Fig. 6 (the 
normalized work hardening rate of compression test against true strain), it can be estimated that there is 
only a small proportion of deformation twinning in Cu-2.2 wt.% Al, while in Cu-4.5 wt.% Al, 
deformation twinning which can obviously improve the strength can be observed. Twinning also plays an 
important role in improving the strength of the materials. 
With the decrease of stacking fault energy in the process of cold plastic deformation, crystal grains are 
refined and high densities of twins have appeared. The refined grain boundaries and the new twinning 
boundaries have directly shortened the distances of sliding obstacles and decreased the distance 
of dislocation pile-up. This has resulted that the stress concentration is not sufficiently high to drive them 
across the grain. That is why strength of material has been improved. 
To better understand the influence of stacking fault energy upon plastic deformation mechanism, with 
the analysis of the plateau of work hardening in Fig. 1 (the curve of work hardening rate to true strain of 
Cu-6.9 wt.% Al), compression tests are conducted for the strain of each stage with the new samples of 
low stacking fault energy Cu-4.5 wt.% Al and Cu-6.9 wt.% Al, mainly analyzing the optical micrographs 
of stage B and D (Fig. 5). Primary twinning and secondary twinning are observed, which serves to 
explain the plateau in the Fig. 1. 
          
  
 
 
 
 
 
Fig. 5 The metallographic photos of compression hardening stage B:˄a˅The stage B of Cu-4.5 wt.% Al, ˄b˅The stage B of Cu-
6.9 wt.% Al  and stage D:˄c˅The stage D of Cu-4.5 wt.% Al, ˄d˅The stage D of Cu-6.9 wt.% Al. 
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It can be clearly seen from the micrograph that the size of most grains of compressed Cu-4.5 wt.% Al 
and Cu-6.9 wt.%  Al  is about 100-200 μm. Slip lines can be seen in both Fig. 5(a) and Fig. 5(b) (the thin 
line penetrated in the grains, marked by arrow in the centre in Fig. 5(b)), and there are more slip lines in 
Fig. 5(b). This is caused by numbers of twinning boundaries and grains, which can provide enough space 
for dislocation pile-up.  
Little annealing twinning can be seen in both figures (the bright lines penetrated in the grains). 
Deformation twinning can also be seen in both pictures (paralleled short bold lines in crystal grains, 
marked by arrow in the centre in Fig. 5(a)), and most of the twins parallel to slip direction [21], (this kind 
of parallel is caused by the interaction of coplanar dislocation so that twins parallel to slip direction), 
which is primary twinning. 
There is no significant change in grain size in stage D from the pictures of Cu-4.5 wt% Al and Cu-6.9 
wt% Al accordingly, but distinct cutting caused by twins can be observed (intersection of bold short lines 
in grains, marked by arrow in the centre in Fig. 5(d). Slip lines can also be observed (marked by arrow in 
the centre in Fig. 5(c). This is caused by the inhomogeneous deformation during the process of 
compression deformation. The rule appeared in the twinning in stage B and D is corresponded to the rule 
of the occurrence of two plateaus in the curve of standard work hardening rate - true strain. 
In former research there is a discussion of the influence of short range order upon the plateau [22, 23]. 
Deformation twinning can be observed, due to the influence of work hardening rate upon the plateau of 
true strain. According to the conclusions of Farzad Hamdi [24], it can be concluded that there is almost no 
contribution of short range order to dynamic recovery. In other words, the influence of short range order 
upon the plateau can be ignored [24]. 
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Fig. 6 Normalized strain hardening rate versus true strain curve of the compressed sample. 
For the curve of normalized work hardening rate-true strain, there is no distinct plateau of deformation 
twinning in Cu and Cu-2.2 wt% Al. However, the true strain corresponded to the plateau of twinning in 
Cu-6.9 wt% Al is apparently smaller than it in Cu-4.5 wt% Al, and the plateau is also more obvious. The 
view generally accepted is that the plasticity of material is decided by work hardening rate. The higher the 
work hardening rate, or the slower work hardening rate changes with the decline of true strain in the 
313 Yang Hao et al. /  Procedia Engineering  36 ( 2012 )  307 – 315 
process of plastic deformation, the better the plasticity. The work hardening rate in Cu-2.2 wt% Al and 
Cu-4.5 wt% Al decrease much more greatly than that in Cu-6.9 wt% Al(in stage D, the basic order of 
work hardening rate is Cu-6.9 wt% Al˚Cu-4.5 wt% Al˚Cu-2.2 wt% Al˚Cu). The main reason for Cu-
2.2 wt% Al is that there is no occurrence of twinning plateau, and from the result of XRD of Cu-4.5 wt% 
Al, it can be seen that there is much fewer twins than in Cu-6.9 wt% Al. So the speed of work hardening 
rate decrease is in the middle of the three. Since the size of copper crystal grain and the space of 
dislocation pile-up are great, work hardening rate declines much more slowly. 
Former researches have indicated that materials can’t be kept in the state of hardening forever in the 
process of work hardening since dynamic recovery is always accompanied in the process. As reported, 
dynamic recovery plays an important role in balancing coordination mechanism, eliminating dislocation 
and adjusting the system to the state of lowest energy [10]. 
Work hardening rate is determined by the change rate of dislocation density. The change rate of 
dislocation density can be considered as composed of dislocation storage (hardening) and dynamic 
recovery (softening component) [25]. It is proposed by Aashish Rohatgi [25] that the hardening part is 
geometric or statistical in nature and is not affected by temperature. On the other hand, dynamic recovery 
is strongly affected by thermal activation, and accordingly affected by temperature and strain rate. Hence, 
the net work hardening rate© can be expressed as follows: 
ș (1 / ı')T V                                                                                                                                   (2) 
Where șĊ is the work hardening rate in the elastic deformation process, which is almost a constant, and ı 
is flow stress, while ı, is saturated stress, which is a constant for specific material. 
Multiply ı in both sides of equation 2, and the following equation can be obtained: 
2ș ș / ı 'TV V V                                                                                                                            (3) 
The șı-ı curve curves for Cu and Cu-Al alloys are shown in Fig. 7 and show the expected parabolic 
behavior in accordance with thermal hardening and dynamic recovery. 
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Fig. 7 The șı-ı curve of the compression test. 
The position from which the linear period (work hardening rate of elastic deformation) deviated is an 
important stage where dynamic recovery begins functioning. The triggering of this position is the 
deviation from the initial thermodynamic state (dynamic recovery is a process easily affected by 
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temperature and strain rate) [10]. It also can be seen that the dominant role of dynamic recovery of pure 
copper occurs in the early stage, while the result of alloys is the same as analyzed in the figure above. 
That is, with the decrease of stacking fault energy, the phenomenon of dynamic recovery’s dominant role 
is delayed. The cause of inhabitation of dynamic recovery can be attributed to the difficulties of 
intragranular dislocation slip during the deformation process. Since slip is easier in the high stacking fault 
energy materials, it also occurs much earlier that dynamic recovery plays a dominant role in the 
deformation mechanism.  
4. Conclusions 
1. With the decrease of stacking fault energy, the appearance of more twin boundaries has 
strengthened materials significantly. Compression strength ranges from 240.04 MPa of Cu to 607.27 MPa 
of Cu-6.9 wt% Al. 
2. Compared the work hardening rate-true curve of different stacking fault energy Cu-Al alloys, work 
hardening plateau of low stacking fault energy of Cu-Al alloys can be observed. Deformation twinning 
has been observed with the analysis of micrograph in stage B and D. 
3. With the decrease of stacking fault energy and the appearance of deformation twinning during the 
plastic deformation process, the effect of dynamic recovery has been hindered during the plastic 
deformation process of Cu-Al alloys. It can be directly manifested by the great improvement of plasticity 
of Cu-Al alloys. 
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